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ABSTRACT 9 qg g/ 0

Stopping cross sections were measured for Hl+ in carbon
and for He* in carbon, aluminum, and chromium over the energy
ra.ng‘e of 65 to 180 keV. Layers of the stopping materials were
evaporated in vacuo onto a gold-plated quartz crystal and their
areal densities were computed from the shift in the resonant
frequency of the crystal. The energy lost by the ions in the
stopping material was determined by measuring the energy of

the scattered ions. Experimental results show a divergence

~

from available theory above 80 keV. W
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INTRODUCTION

There are many areas of physics where a knowledge of stoppingféross
sections is important. In particular, they aid in the determination of the
screened-interaction potential which is fundamental to the theoretical
understanding of radiation daﬁage and sputtering phénomena. Accurate stop-
ping cross sections are also required for the proper interpretation of
various nuclear reaction cross section measurements. Finally, recent cal-“:‘
culations® related to the differential energy loss Suff;féé by low energy
ions have reached the point where detailed comparison with experiment is
desirable.

The present experiments were undertaken to provide absolute stopping-
cross section measurements for selected ion-medi;m combinations in the
range of ion energy from 65 to 180 keV where data are relatively sparse

or nonexlstent. \

\~

EXPERIMENTAL PROCEDURE

The stopping cross section per atom, Sy, of a substance for a

penetrating particle is defined by the equation

\ . 8o = ~(1/N) (dE/aR), .
where N is the number of stopping atoms per unit volume of the substance
and dE is the edkrgy lost by the particle in traversing a distance dR
through the stOppihg substance.

To measure stopping cross sections directly, two quantities must be

determined: NAR, which is related to the mass per unit area of the stopping
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medium parallel to the path bf the penetrating ions; and AE, the amount 6f\-
energy lost by the ions as they pass through this amount of material. In
this experiment,AE was measured with a high resolution (0.1%) electro-
static energy analyzer operated symmetrically. The quantity NAR was
determined by noting the change in the fundamental frequency of a piezo-
electric quartz crystal as a layer of the stoppiﬁg material was evaporated

onto one of its faces.

Apparatus \

o,

Positive ion beams were generated and mass separated in a 56 to 200 keV
Cockeroft -Walton accelerator equipped with a Von Ardenne ion source and a
l9.5° magnetic analyzer. The ions were collimated onto the target througﬁr -
a series of apertures that reduced the beam diameter to 1.2%‘mm (Fig. 1)
and ths\current to~about7flfinL«’"The‘target was located at the first focus
of the 1170 energy analyzer. Particles scattered by the target at an angle
of 160o entered thé‘analyzer through slit s, which was biased to -300 v

to suppressvggcbndary_electrons. Ions selected by the analyzer were

detected by a NaI-photomultiplier combination behind exit slit s5 , located
at the second focus.
The pressure in the target chamber was maintained at less than

5x10~® mm Hg with cryogenically baffled diffusion pumps.
Targets

Targets were prepared on commercially available A.T. cut crystals that

had a natural frequency of T.5 Mc/sec. The crystals were quartz disks of
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of 1.34-cm diameter with a matte finish. Gold electrodes, approximately

equal in thickness, were evaporated onto each face of the crystals so as
to cover both surfaces cdmpletely.

The stopping material was evaporated onto one slide of the gold-plated

crystal inside the test chamber (see Fig. 1) and all subsequent measure-
ments were made wgithout exposing the test material to the atmosphere.
The areal density of the evaporated layer was monitored by continuously
measuring the crystal frequency during evdporation. The densities used
ranged from 4x107® to 13x107® g/cm®, corresponding to frequency shifts of
500 to 1600 cps. Moét of the targets were 8x107® g/cm® (Af = 1000 cps).

The areal density of the stopping layer, ¢, was combuted from the

formula®
¢ = (AfK/f2), g/cn?.

In this equation Af represents the frequency change, K 1is a constant of
the crystal, in this case 4.425x10° cps g/cm®, and f 1is the frequency of

the crystal just prior to evaporation and includes the effects of th;fgold

7
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electrodes and cr&stal holder.
The target was mounted so it could be rotated 180° around an axis
perpendicular to the beam. Thus, both faces could be exposed to the ineci-
dent ions. Transverse motion along this axis was also possible. In addi-
tion, the target could be rotated slowly around an axis normal to its
surface. With this latter axis passing through the surface at a point
offset from the beam, rotation resulted in scanning an annular region of

the target during a measurement. This scanning was found to be necéssary



in order to avoid errors associated with changes in the target surface
caused by prolonged ion bombardment. Furthermore, it provided a means of

checking the uniformity of the stopping layer.
Energy Measurements

The electrostatic analyzer had a mean radius of 11.375 in. and a
plate separation of 0.100 in. Voltage to the plates was supplied by two
direct reading precision power supplies. For a potentilml-difference,
Ava, between the plates, the energy of ecceptance, Eg, of the analyzer

was computed from the equation

Eg = (L/21) &Vga

‘-

where L 1is the mean radius, 1 is the plate separation, and gq is the
charge on the ion.

The ion current to the target was metered through s current integrator.
The number of scattered ions reaching the analyzer detector for a fixed
integrateducur;ept on the target was recorded as a function of the accept-
ance energy of the analyzer. Typical energy distributions of the scat-
tered beam are shown‘in Fig. 2. Curve (b) is for ions scattered from the le.
clean gold face of the target, while curve (a) is for ions which have gone
through the stopping substance and rebounded from the underlying gold
electrode. The effective energy of the 1lons was taken as that correspond-
ing to half the maximum accumulated counts.> The energy measured from

curve (b), when corrected to account for the recoil energy of the gold

atoms, 1s equal to the energy of the incident ions. The operating voltage'



of the accelerator, known to within about 5%, thus served as a secondary

measure of ion energy.
- Date Reduction

The events that change the energy of the ions at the target are
diagrammed in Fig. 3. The energy of the ions from the accelerator is E,, <:EEE: :
and their energy into the analyzer is E4. The energy transferred to the
stopping material is E; - Ep in a thickness &R;, and "Ez - Eg4 in‘a thick-
ness XMRo. The quantity Es - EBa is tﬁe energ&“lost in the recoil process
from the gold substratum; this can be estimated on the assumption of an

elastic collision:
\

\" B -

Ep - B3 = (1-0)Bz « - (1)
where p, the well-known elastic scattering factor, is given by,

Mo2 - M2(1 - 2 cos® a) + 2M; cos a(Mo? - M;2 sin? a)l/2

p =
(My + Mp)Z

N\

In this hotation M is;the mass of the projectile particle, My the mass
of the target atcﬁ%(gbld in this experiment), and « is the scattering
angle (160° for\iogs entering the analyzer). Values of p were 0.92 for
Het gnd 0.98 for H;t.

The quantity E; - E4 can be written in terms of the foregoing

individual loss processes as folléws:

Ey - E4 = (Es - Ea) + (Bx - Es) + (Ey - Ep). (2)



We may also write:

s

dE; /dRy = AEy /MRy = (EL - Ez)/mR ; dEp/dRp » ABp/MRp = (Eg - E4)/&;2 . (3)
Combining Eqs. (1), (2),‘and (3) gives:
OBy - B4 = (aBp/dRa) Rz + p(aB:/dRy) (4Ry). (4)
Two new terms, E and dE/dR, can now be approximated from the expressionsf

'(8E/dR) + [(3/3E)(aE/aR) I(E, - E),
(aE/dR) - [(9/3E)(4E/dR) J(E ~-E4),

dE, /dR;

dEp/dRz

where the new quantities are the coordinates of a point Q on the represent-
ative curve shown in Fig. 4. Substituting these expressions into Eq. (L),

one obtains:
OE; -E4 = (MRp+ pfR;)(dE/dR) + [ (3/0E) (dE/AR) J[ 4R, (E; -E) - &Ra2(E -E4) I

If a value of E 1is chosen such that the second term on the right side of
the above equation can be equated to zero, two expréfsions are obtained that

define E and dE/dR in terms of known or measured quantities: ~

. E = (ogEy + E4) /(L + pg8), -~ (5a)

dE/dR = (pEy - E4)/[Ro(1 + pg)], (5b)

where g = AR;/MRs. Again Fig. 3 shows that

\_ e %/AR/COS 81,
where 6; correqu\nds to 9; and 05, the angles between the target normal
and the trajectgrie\s of the incident and exit ions. &Ry corresponds to
AR; and ARp, respective];y, and /MR is the target thickness. It was the

usual practice to set the angles equal to each other so g equalled one.

Fig.l



The observed stopping cross section at energy E 1is then,
So(E) = (AE/NAR)cos 62 - (6)

with AE equal to (pE, - Eq)/(1 + pg).
RESULTS

Cross sections computed from Eqs. (5a) and (6) are shown in Figs. 5-8.
Smooth curves were visually fitted to the experimental points, and values
from these curves are listed in Table I at various séergy intervals. The
probable error in these data is calculated to be approximately 3% from
estimated errors in N/R and AE (Eq. (6)) of 1.5% and 2.5%, respectively;
The internal consistency of these measurements agrees with the 3% probable
error. Individual data points deviate from their respective curves by less
than 3% and the ayerage deviatlon from each curve is less than 1%. The
gradual change in the slaﬁégzg; the curves tends to make any errors attrib-
utable to the apquximate-nature of Eq. (6) small compared to those
mentioned abovg. \

Data recently published by Ormrod and Duckworth® are compared with
some of the results of this experiment in Figs. 5 and 6. The agreément
between the two sets of data is particularly good for protons on carbon
(Fig. 5), where the two sets of data connect smoothly. Comparable data for
helium on carbon (Fig.6) differ by about 3.2%. Also shown in Fig. 5 is
proton-carbon data published by Reynolds, et al.s‘ They obtained their

data by applying Bragg's rule to observed cross sections of various

hydrocarbon gases.

igS.s-
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'supposed to be valid for E < Egy. For He+, Eo

DISCUSSION

Throughout the greater part of their range, the predominant
mechanism by which ions lose energy is inelastic electronic collisions.
An expression for the electronic stopping cross section per atom, Sg,
appropriate to the energy range of this experiment was derived theoret-
ically by Lindhard and Scharff' and can be written in terms of the energy

of the penetrating ions, E, as

Se = EeZ12/3(8ﬂ62&9[21Z2//(Z12/3 + Z22/3)3/2](E/Eo)1/2: (7)

where Egy 1s the kinetic energy of the ions when their speed is

vV, = voZlg/s; Vo 1is the velocity of the electron in the first Bohr orbit

in hydrogen; 2 and M (Eq. (8)) represent atomic numbers and mass; and ag
-

is the Bohr radius. The subscripts 1 and 2 refer to the penetrating ions

and the stopping medium, respectively. The factor &, is thought to have

a value between 1 and 2 and possibly equal to Z;/®. Equation (7) is

R

250 kevV.

When the ions approach the terminal portion of their range, elastic
collisions that impart energy to the nuclei of the stopping medium become
important. Bohr® has‘found that when these collisions are predominantly
of the Rutherford type, the nuclear stopping cross section per atom, S,
can be expresseqéapproximately as

Sy = 2t (M /Mp)e*(2,2252/E) 1n(2¢), (8)

. -
where

e = B{0.885380 /[2122(2:%/2 + Z2)%/2e2}[Ma/(My + Mp)1.-



18

10

A correction to Eq. (8) (small for the ion velocities of this experiment)
to account for screening effects on nuclear collisions has been comiuted
by Lindhard and Thomsen.f

The total stopping cross section per atom is, of course, the sum of
the separate components Se + Sp.

The theoretical curves plotted in Figs. 6, 7, and 8 were computed
from Eq. (7) plus a small contribution (< 2% of S,) from Eq. (8) cor-
rected for screening effects.” The parameter €. was chosen in each
case for agreement with experiment at a low value of energy (81 keV) where

the theory should be most valid. The values of £, 850 determined are

listed below.
Stopping

Ion material Eg e

Het c 6  1.23 -
Het Al 13 1.59

He' Cr ol 2.03‘\!

-

Since the largest contribution to the total stopping cross section in
the energy range‘qovered by this experiment is from the electronic compo-
nent, it is appropriate at this point to mention the limitations of Eg. (n.
In Ref. 1, Lindhard aﬂd Scharff state: "The dependence of S on Z; and
7o is‘ﬁn expedient to ggﬁﬂiggple/éétiﬁates." Elsewhere,® Lindhard has

been quoted as saying: "It should be emphasized that Eq. (7) is approxi-

n

\
mate in more than dne sense. The constant (&, 7,1/8) is based on Thomas-
Fermi arguments};and it is to be expected that fluctuations around this
constant can occur, especially for Z; < 10, Moreover, a precise propor-

tionality to v (i.e., E/2) will not be correct over the whole of the

velocity region v < vy (E < Ep)."



18

11

Within the confines of these limitations, we find essential asgreement
between our experimental results and theoretical predictions. In Figs. 6,
T, and 8, it is seen thaﬁ the agreement is limited to the low energy region
as expected. Moreover, this agreement is evidence of a velocity depend-
ence on Se 1in this region, when a small correction for nuclear effects is
included in the fotal measured cross section. We note, however, that the
range of agreement for a given ion varies with the stopping material.
Agreement stops at 80 keV for He' on car™n and 130 keV-for He' on aluminum
or on chromium.

Although the values of te listed above lie between 1 and 2 within
experimental scatter, &, is definitely dependent on the stopping materigl,
i.e., Zp, and the increasing trend found here would suggest values of
Ee > 2 for larger values of Zs. This variation of Ee wit; Zo may be
due to the "simplified" Z dependence assumed for S mentioned above.

If this should be the case, the simple relationship between €e and Zp
found from this work may be of interest. From the three values obtained 4in
this experiment, we find &e % Z2°'3%*. We hasten to point out that this
result may be enﬁirely fortuitous or may be related to the fact that the
atomic numbers of the ét0pping materials are nearly in the/ratio 1:2:4

(a periodic variation of Ee with Z; was found by_Ormrod, et al.).4

In any event, we wish to emphasize that this result/cannot be considered

as anything more than an interesting observation at this time.
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SUMMARY

Absolute measurements of the total stopping cross section havé been
made for H;" in carbon and for He' in carbon, aluminum, and chromium for
energies ranging from 65 to 180 keV. The results are listed in Table I.

The results of the He' measurements have been ﬁsed to compare the
dependence of Eq. (7) on the parameters E and Z, with experiment. In
the low energy region the implicit velocity dependence of Eq. (7) is in
essential agreement with experimental findings. Howeve;;déhe experimental

results indicate that the Z» dependence of Eq. (7) does not adequately
relate this parameter to the physics of the stopping process.
ACKNOWLEDGMENTS
The author is indebted to Dr. M. Bader for suggesting the experiment
and for his constructive comments on the manuscript; to Mr. L. Haughney
for operating the Cockeroft-Walton accelerator; and tb Méssrs. E. Klingler
and D. Magnuson for their assistance in the construction and maintenance

of the equipmentw-

—
L



18

13
FOOTNOTES

'J. Lindhard and M. Scharff, Phys. Rev. 124, 128 (1961).

2G. Sauerbrey, Z. Physik, 155, 206 (1959).

SA technique similar to this was used by: M. Bader, R. E. Pixley,
F. S. Mozer, and W. Whaling, Phys. Rev. 103, 32 (1956).

*J. H. Ormrod and H. E. Duckworth, Can. J. Phys. 41, 1k2k (1963).

SH. XK. Reynolds, D. N. F. Dunbar, W. A. Wenzel, and W. Whaling, Phys.
Rev. 92, 732 (1953). T

°N. Bohr, Kgl. Danske Videnskab. Selskab, Mat. - Fys. Medd. 18,
No. 8 (1948).

7J. Lindhard and P. V. Thomsen, "Radiation Damage in Solids, Vol. I."

(International A%omic Energy Agency, Vienna, 1962), pp. 65-76.

®A. Van Wijngsarden and H. E. Duckworth, Can.J. Phys. 50, 1749 (1962).

-



1k

TABLE I. Observed stopping cross sections taken from smooth

curves drawn through the experimental results.

; Sox1071° eV cm®
{ Energy,

keV Het -¢ Het -Aa1 He' -cr ®HT -C

66* 21.7% 34.8 49.88 | 15.18
78 23.4 37.6 54.0 15.0
90 25.0‘ 40.3 * 57.9 714.8
102 26.3 k2.9 ‘ 61.5 1h.7
114 27.5 45.2 65.0 . 1h.6
X 126 28.5 L7.5 68.2 | 4.4
138 29.4 49.6 70.9 14‘.1
150 30.3 51.3 73.1 13.8
v 162 - 31.0 52.6 4.9 13.5
174 31.7 53.6 76.3 - 13.1

180 32.0 54,0 76.8% 12.9

. 8Yalues taken from curve extrapolated beyond s

experimental date.
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FIGURE CAPTIONS

Fig. 1. Essential features of the experimental equipment.

Fig. 2. Typical energy distributions of ions scattered from the targe%ﬂx
(Nominal energy of incident He' beam = 100 keV). |

Fig. 3. Eventé degrading the energy of the ions at the target.

Fig. 4. Representative curve indicating the significance of various
terms in the derivation of Egs. (5a) and (6).

Fig. 5. Measured stopping cross section of pr9tons tﬁfaﬁgh carbon.

Fig. 6. Plot comparing calculated and.measured total stopping cross
section, and calculdted nuclear stopping cross section for Het through
carbon. \

Fig. 7. Plot comparing calculated and measured t;§;l stogPinghcross
section, and calculated nuclear stopping cross section for He' through
chromium. . |

Fig. 8. Plot comparing calculated and measured total stopping cross

section, and calculated nuclear stopping cross section for He' through

aluminum. 0 T~_ /

-
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Fig. 1.- Essential features of the experimental equipment.
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Fig. b.- Representative curve indicating the significance of various terms
in the derivation of Egs. (5a) and (6).

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
AMES RESEARCH GCENTER, MOFFETY FIELD, CALIFORNIA




VINJOHTYD ‘0134 LIBFOW M3INID HOYVISIE SINY
NOILVAUISINIWAY 30VdS ONY SHINVNONIY TYNOUVN

‘uoqaeo Ygnodays suojoxd Jo UOT409s sso0a0 Jurddogs paamses|y -°§ *STq

A9y ‘Abidus uoj

ogl 091 Okl 02l OOl
r | _ |

(b 194)
Y440MHyONQ PUD poIWIQ
(G ‘J24) |D 49 ‘spjoukey — — —
juswiiadx3 o

uoqiod ['H




VINSOATYD ‘G 113440W "HIINID HDUYISIE SIWY
NOUYUISINIWAY 1DVdS ONV SHINYNONIY TYNOHYN

*UoQIED YSNOoJayl} ,SH JOJ UOTIDIS SS0JID gutddogs asaTonu
peseTnoTeo pur ‘uoT309s ssoao Jurddoqs TBJ01 peJnsesu pue PageTNOTEd SuTsedwod 30Td -9 *STd

A3y ‘AbBisua uo|

Okl 02l 001 08 09

uoQq4Dd 9K

+

(v $34)
YjioMyONQg pup posWwLQ
Aioay |
juswiiadxy — o —




VINSOHIVD QY3 113440W ‘MIIND HOUVISTY STWY
NOILVELSINIWAY 2DVdS ONY SHLNYNOUIY TWNOUYN

sumTWoJyo ydneayy 4°H J0gF uotqoses ssoxo Jurddogs JedTonNU
poqyBTNOTED PUB ‘goTgoes ssoxo Surddogs Tel03 POJMSESU puE Pe3BINOTED Guiaedwod 30Td -, °"BTd

A9y ‘Abisud uo|
09l 0,4 oci 00l 08
] i ,

1 |

wniwosyd 8H

K109y |
juswiiadx3




WINNOSNIVD 'Ol L13330W UIINID HDUVISIH SIWV
NOHVAISINIWAY 3DVdS GNV SHINVNOUIY TVNOUVYN

WNUTUMTE YInoays +OH JOJ UOT3D9E SSOID gutddogs JesTonu

PoBINOTED PUB ‘UOT309S §50X0 Sutddogs TBIO} PSINSESU PUB DPIIBTNOTEO gutaedwoo 3074 ~'Q *STd
*

. Aoy ‘Abisua uoj
‘«Ow_ow_oiom.oo_ ow om ov
_ _

! 1t I _ T

L

——

us

wnuiwnip 8y

Kioay |
juswiiddxy — o —




